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ABSTRACT

Studies have been performed in which mammalian mucociliary
apparatus has been characterized under normal conditions following ex-
posure to three irritant gases, i.e., 100 per cent oxygen, ozone (Oy) and
nitrogen dioxide (NOj). Investigations were made in normal and treated
animals providing physical, electrophysiological, biochemical, and mor-
phologic data of effects due to exposure. A method for in vitro microscopic
observation of viable cilia and adjacent mucus blanket has been described in
terms of ciliary beat and movement of particles embedded in the mucus. In
vitro volumetric estimation of mucus thickness was compared to electrical
resistance measurements in the attempt to provide an in vivo method to
determine mucus depth alterations in treated animals. Polarographic studies
of oxygen dependent enzymes were carried out on pooled stripped epithelial
tissue of untreated animals and comparison made with tissues exposed to
ozone and NO,. Exposure to 100 per cent oxygen caused a significant but self-
limiting decrease in mucus velocity and viscosity. Acute exposure to NO,
(35 and 75 pg per kg) caused marked dose dependent changes in velocity and
viscosity. Exposure to 0.5 ppm ozone for a 14 day period resulted in general
mucostasis and elevated viscosity levels.
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SECTION I

INTRODUCTION

The initial defense mechanism that permits the animal organism to
exist in an irritant atmosphere is the mucociliary apparatus, The impor-
tance of this "system' in clearing potentially deleterious materials from
respiratory tract has been emphasized by a number of authors,

‘The present program was instituted to provide basic information on
the biochemical and physical factors which affect the structure and function
of the tissue elements that form the primary basis for physiologic defense
during exposure to pulmonary irritants., Work in these Laboratories has
demonstrated that the sequence of events, following acute exposure to a
pulmonary irritant, is initiated solely by impingement of the irritant on the
mucus film lining the upper respiratory airways, The nature of the irritant
and the manner of its application in large part determine the qualitative and
quantitative nature of the post-exposure reaction, In exposure to gaseous
agents, chemical composition is the principal determinant of effect,

To result in effective clearance, a number of critical events must
occur following exposure to an environmental irritant of particulate, gaseous,
or mixed particulate-gaseous composition, From the data presented by
Albert and co-workers (ref 1) on human volunteers, by Laurenzi (ref 2) on
mice, and in our report (ref 3) on cats, effective clearance of 70 per cent
of inhaled particulate (mono- or polydispersed) occurs via the "mucociliary
elevator" moving cephalad, which is then disposed of by swallowing and
excretion via the gastrointestinal tract, and to a lesser degree by expec-
toration,

Approximately 30 per cent of the foreign material administered by
a single exposure is more slowly cleared via alveolar macrophage, with
transport across interstitial membranes and the lymphatics, Another in-
volves a slow process whereby material moves up against a gravity gradient
in terminal bronchioles to the area in which mucociliary transport occurs,

The manner and character of the response, though similar, may
vary with acute, subacute, or chronic exposure, Studies have indicated
that under continuous 24-hour exposure the reaction of the mucociliary
apparatus may differ from that following other types of exposure, since
the nature of the homeostatic or accommodative responses may be markedly
modified, o :

The published results of investigations carried out in these Labor-
atories (reported and summarized in the 1965 Duke Symposium on Cilia
(ref 4), and more recently at the New York Academy of Sciences Conference
on ''Interdisciplinary Investigation of Mucus Production and Transport"
(ref 5) support the view that differential levels of response occur in the
mucociliary tract, depending on the duration and nature of the irritant
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insult, The findings indicated the relative initial independence of mucus
flow on ciliary beat as affected by the impingement of gaseous, particulate,
or mixed aerosol irritants, Similarly, the data indicated that deleterious
responses may be elicited in the ciliated cells underlying the mucus sheath,
affecting either the rate or chronicity of beat upon prolonged inhalation in-
sult, However, this effect, once begun, was also associated in every in-
stance with marked changes in mucus flow, The generalization was made
that mucostasis may be achieved without detectable impairment of ciliary
beat, whereas ciliastasis is always associated with mucostasis (ref 6, 7, 8,
9, 10). In the course of these studies, several new techniques were evolved.

The effects of chronic exposures have been studied using cigarette
smoke as the challenging agent, A periodicity in response has been obser-
ved which appears to reflect temporary and reversible alterations, The
integrity of the ciliated epithelium is affected only after prolonged exposure,
and eventual regeneration occurs after adequate rest and removal of the
insult, The effects of repeated exposure vary directly with the intensity
of the insult and its duration,

Within the limitation of maintenance of the integrity of the whole
animal, i.e,, resistance to upper respiratory infection, etc,, neither the
onset, the duration, nor the intensity of response of mucus flow (expressed
as velocity in mm per minute) is deleteriously affected, Insofar as the sur-
face events on the mucus layer of the trachea are concerned, the response
appears to be self-limiting, This may result from the overall phenomenon
of transport, i.e., the time required for cephalad movement of mucus from
the deepest area of penetration of the inhaled aerosol, Characteristically,
other than highly specific classes of materials, i, e, , protein precipitants,
acrolein, and various phenolic substances, normalization of flow velocity
can be anticipated in 10 minutes. Although cilia do not appear to play =
role either in the immediate response nor in the subsequent changes, evi-
dence has been obtained which suggests that the interrelationship of ciliary
activity and mucus flow is necessary for normalization of the previously
impaired function of the mucociliary apparatus.

Bioelectric characteristics of the mucus film have been investi-
gated in vivo after systemic and inhalatory exposure to various materials,
Of particular interest were the apparent differences between in vitro and
in vivo systems, These changes may reflect a conservation of energy, indicating
the increased capacity of the system to do work, i.e,, to increase clearance
of inhaled particles, The changes in the electrical nature of the ciliary
tissue have been shown to parallel the changes in mucus flow, Thus the
total mucociliary function appears to be one of tissue-mucus sheath inter-
action in which a multiplicity of physiochemical and biochemical mechanisms
play a role, involving energy transfer from the beating cilia to the overlying
mucus, developing shear forces and affecting '""spinbarkeit'" and other
rheologic properties of the mucus,




Generally, investigators concerned with mucociliary function have
failed to properly characterize the differential responses as well as the
interrelationship of the two major components involved in the mechanics
of respiratory clearance. They have tended to disregard certain critical
factors concerned with the capacity of cilia to maintain chronicity.

Notwithstanding previous reports from these Laboratories, based
on data from acute studies, in which the changes were described as in.
dependent of the tissue, it now appears that in terms of the integrated
response, the epithelial component to these reactions is critical. This
contribution may be via energy transfer to the mucus, changes in ciliary
beat force, or some more complex system, such as the active transport
of water or ions across the epithelial surface into the mucus, causing the
observed physical changes.

It has been shown that ciliated tissue is affected by the electrical
resistance and conductivity of the mucus sheath. That the tissue plays a
role in the defensive alteration of mucus flow is indicated by the obser.
vation that the ratio of goblet: ciliated epithelial cells varies with chronic
exposure to irritants. Rohdin and others have reported that the two types
of cells are derived from a single cell type (ref 11). Several hypotheses
have been evolved to explain this interaction, some of which are shown here:

1. Laminar mucus flow has been observed after impingement of
foreign particles on the surface. The flow rate at the tissue-
mucus interface is greater than that of the mucus.air interface
and may be differentially affected.

2. This differential flow rate produces an upward pressure/con-
centration gradient which actively prevents penetration of the
insulting material to the tissue surface.

3. The laminar flow pattern is caused by introduction of various
ionic species into the lower layer of the mucus from the tissue.

4. The ions are actively transported across the tissue-mucus in-
terface. This requires cellular energy production and possible
dissipation via the ciliated epithelium.

5. The change in molecular polarity in the mucus with resultant
laminar flow pattern appears to be the first défense against
respiratory insult,

Other equally tenable theories have been proposed. All require further bio-
chemical and histological support. It was the purpose of this investigation
as herein conducted to develop the data from which a firmer understanding
of the cellular and tissue factors involved in mucociliary response, the
physical analysis of this response, and the basis for correlating the two,
can be adduced.
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The emphasis in the proposed study has thus been on the physical,
chemical, and biochemical characterization of ciliated epithelium in
relation to the mucus flow and/or ciliary beat frequency, employing ex -
posure to irritants, i.e., nitrogen dioxide, ozone, or pure oxygen at-
mospheres, as the means of differentiating the normal from the irritated
status.




SECTION I1

PHYSICAL ANALYSES OF MUCUS AND CILIA

MUCOCILIARY APPARATUS

Based on analysis of the events in non-mammalian species (ref
12), a mechanical model for ciliary action of the mucociliary apparatus
has been postulated, Although this model cannot completely reproduce
the mammalian system, it has formed the basis of a working hypothesis
to study the interrelationships between ciliary wave motion, mucus flow,
and particle transport. On the surface of ciliated tissue is a mucus layer,
mterspersed within which are debris and particles. From the many obser-
vations made, there is firm agreement that the mucus moves in the direction
of the ciliary effective beat and that two layers are involved, The first is
the region of turbulent flow adjacent to the cilia and is dependent upon the
rhythmicity and motion of the cilia, The second is distal to the cilia and
is termed the region of laminar flow, The characteristics of this region
are undoubtedly similar to those which exist in the vascular system,

The purpose of the present phase of the investigation was to study
the characteristics of the ciliary motion and to correlate it with mucus
flow,

Hypothetically, the cilia beat in a regular manner exhibiting charac-
teristic bending movements, The forward stroke of the cilia (in the
direction of fluid motion) is considered to be the working stroke while the
backward stroke is the relaxation stroke, Since cilia exhibit metachronism,
the pattern could be symplectic, antiplectic, or diaplectic, Photographic
studies were performed on extirpated tracheal sections obtained from cats,
These studies, utilizing time-delay still photography, indicated that the
mucus blanket possessed physical configuration, A more intensified ef-
fort was therefore directed toward examining the action by means of cine-
matography, The studies were intended to elucidate:

(2) Measurement of ciliary beat by recording the cilia movement
directly rather than by inference from changes in light patterns reflected
from the surface of the mucus sheath (as carried out by other workers)
(ref 13, 14),

(b) Measurement of ciliary beat by recording the cilia movement
via observation of oscillating particles of entrapped debris,

(c) Cinematographic analysis of the periodicity of individual cilia
to enable construction of representative diagrams of the sundry positions
of the cilia during its motion. This analysis might lend itself to energy
studies for both the working and relaxation strokes of the cilia,

(d) Cinematographic analysis of the periodicity of groups of cilia
determined by the nature of the metachronal pattern and the relative motions
of members of the various groups.




(e) Cinematographic analysis of the surface of the mucus sheath
to determine the nature of surface disturbances and to correlate these
disturbances with observed ciliary motion,

(f) Cinematographic analysis of the turbulent and laminar flow
regions of mucus to delineate the transition area of the two flow patterns,
and to determine the velocity of the laminar portion of the stream as a
function of position within the mucus stream,

(g) To study the effects of altered environment on the functioning
of the mucociliary apparatus described above.

METHODOLOGY

Under surgical anesthesia the ventral midline soft portions of
several tracheal cartilage rings are isolated from the trachea and fixed
to glass slides by pressure sensitive transparent plastic tape (approxi-
mately 15 mm width, 0,051 mm thickness) so that the mucosal surface
faces the objective lens of a Nikon S-K microscope, An integrated Koehler
Illuminator is used to project the light onto a2 N,A, 1,30 condenser dia-
phragm and to project the image of the field diaphragm onto the specimen.,
A 100X objective lens in combination with a specially equipped supplementary
condenser lens (Nikon Model S-K system) is inserted against the illumi-
nating lamp housing to reduce the filament image, The condenser is further
equipped with a variable iris in order to adjust the ape ture for oblique il-

lumination,

By individually adjusting each specimen to avoid flare and other in-
jurious effects of reflection, a suitable intensity of light, specimen area
and angle of view may be obtained for photographic purposes.

For the study of individual cilia, observations are made of the cut
edge of the excised tracheal segment under oil immersion at 1500X magni-
fication wherein the covering mucus blanket and individual cilia are visu-
alized, Simultaneously, motion pictures of mucus flow and cilia motility
are taken at 64 frames per second with a 16 mm camera (Keystone K-55)
mounted on the microscope and equipped with a f=31, 22 mm for 1/8 pro-
jection lens, and a 15X magnification microscope eyepiece,

RESULTS

Through cinematography, utilizing a speed of 64 frames per second
and a magnification of 1500X, a segment of cilia from an excised cat tracheal
tissue was analyzed during a 4, 65 second period. During this interval, the
average beat rate of the cilia was 12,45 cycles per second, with a range of
10,67 to 14.22 cycles per second, The accompanying table lists the distri-
bution of measurements over the entire period.



Cycles per Percentage of total

Second Measurements Recorded¥*
14,22 6.9
12. 80 65.5
11. 63 20,7
10, 67 6.9

*Based on 58 individual determinations

From this table it can be seen that this analysis yielded a frequency
of 12,80 cycles per second in approximately two-thirds of the recorded
measurements. Although the curve is skewed to the left, the data are sig-
nificant in that these results agree with the frequency of similar motion .
reported following indirect observations, For additional details refer to

Film Strip A, Sequence 5 on page 15."

Observations of adjunct groups of cilia during the above measure-
ment periods. suggest that if metachronal wave patterns exist in ciliary
beat, these patterns are not diaplectic. However, at present insufficient
evidence is available to determine definitively the type of metachronal
pattern which does exist,

In addition to the direct measurements used in determining cilia
frequency, an alternative indirect technique was also employed. As indi-
cated previously, particulate matter is observed in the mucus layer. Often
a particle is trapped in the region of the cilia and thus is caused to oscillate
at the rate of the ciliary oscillations., From this series of film sequences,
several particles have been observed in this positionin different segments
of cat tracheal tissue, Utilizing the oscillating movements of the trapped
particles, the beat frequency from two different segments of tracheal tissue
obtained from two normal cats was estimated to be 12 and 13,47 cycles per
second. The data are shown in Film Strip A, Sequences 12 and 16 (pages 18-
20). These data compare favorably with those recorded above for direct ob-
servation of ciliary beat,

It must be emphasized that the experimental capabilities were limited
by the lack of high speed cinematographic equipment during the conduct of
the test, Its use would result in better quantitative data since the greater
the number of frames per cilia beat cycle that can be visualized, the greater
the precision in measurement,

The nature of the flow in the mucus blanket has been studied and in
the region adjacent to the cilia, it is clearly turbulent. This turbulence has
been visualized (Film Strip A, Sequences 4 and 10, pages 13 and 17). The results
of debris motion are summarized in table I below.




TABLE I

PARTICLE VELOCITIES!

Particle Particle Duration V elocity, mm/min
No size of track min max avg
mm sec
1-A4 . 0060 .45 1,440 11,880 4.0022
2-A4 . 0020 to . 0030 .45 1,920 17.400 -—-
1-A10 . 0100 to ,0170 .36 6,780 7.560 7.200

1Maximum velocity resulted from direct impact with oscillating cilia or
by turbulence. :

2Average velocity indeterminate because of directional path of particle,

The circulatory motion of debris seen above beating cilia suggests
the turbulent nature of the fluid flow inthe region of the tips of the cilia,
Furthermore, the turbulence caused particles to be dislodged from larger
agglomerations of debris,

In the region above the turbulence, the film data suggest that the
mucus flow is laminar, Particles visualized in Film Strip B were carried
by a laminar layer of fluid motion beginning no more than 0.005 mm from
the top of the cilia, Four particles in Film Strip B, Sequence 4, approxi-
mately 0,0060 to 0,0075 mm in diameter, were tracked as they moved with
the mucus blanket over the same path at different times during a period
lasting approximately 4.3 seconds. The particle velocities of three of the
particles differed by less than 5,5 per cent from the mean average velo-
city of the three particles, The fourth particle differed from the above
mean average by 40 per cent, see table II below,

TABLE II

PARTICLE VELOGCITIES!

Particle Particle Duration Velocity, mm/min
No size of track min max avg
mm sec
1-B4 . 0075 1.37 3.336 4,128 3.558
2-B4 . 0075 1,17 3. 888 4,374 4,068
3-B4 . 0058 1.09 2,526 6.012 4,296
4-B4 . 0075 .52 3. 666 6,114 4,470

1Flow is laminar,




Additional measurements of particle velocity were made in the
mucus layer in order to relate particle velocity to particle position in
this area, Because of the limited amount of film available for this
analysis and because of limitations inherent in the available research
equipment it has not been possible to achieve this goal to date, How-
ever, considerable experimental data have been accumulated concerning
particle velocities without reference to particle position (table III),

TABLE Iil
PARTICLE VELOCITIES1

Particle Particle Duration Velocity, mm/min

No size of track min max avg
mm sec

1-B3 . 0070 . 14 -—- --- 12,072
2-B3 .0188 .19 15,360 18,870 17.100
3-B3 .0088 to ,0175 . 19 15,510 15.750 15.618
4-B3 .0075 to . 0188 .08 --- --- 14,820
5-B3 .0138 .19 - ~-—- 10. 140

1Flow is laminar,

It has previously been reported that lycopodium spores moving on
the surface of the mucus are observed to travel at rates of about 12 mm per
minute {ref 15, 5) and the velocities shown in table IIl are similar,

The velocities for the remaining particles (table IV) are of one-half
to one order of magnitude less. This difference appears to be due to the
fact that the velocity of surface particles has been determined and recorded
during in situ investigations, whereas the investigations recorded above
were performed in vitro, Since in vitro preparations are more time-con-
suming than the in situ studies, the former were subject to greater desic-
cation during preparation thus resulting in an increased viscosity of the
mucus sheath with attendant decrease in particle velocities,




TABLE IV

PARTICLE VELOCITIES!

Particle Particle Duration Velocity, mm/min

No size of track min max avg
mm sec

1 . 0025 to . 0075 1.26 1.656 2.280 2,064
2 .0100 .80 - - 2,826
3 . 0075 1.61 1.128 1.200 1.164
4 .0100 1.23 2.304 3.102 2,838
5 . 0025 to ,0075 1.45 1,194 1.734 1. 356

lFlow is laminar,
7/

In Part C the theoretical approaches for studies of the periodicity
of individual cilia and for computing the kinetic energy generated during
the working and relaxation strokes of the cilia are presented., Fig 1
represents in summary fashion the various positions of individual cilium

during the working stroke.
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Hypothesized Working Stroke of a Cilium
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Assuming that there are five positions of the cilium during the
working stroke, and that the elapsed time for the cilium to advance one
position is equal to T seconds, with each cilium divided into eight seg-
ments of equal mass, then the kinetic energy associated with the move-
ment of the first segment from position 1 to position 2 is given by the
equation:

2
E=1/2mV" ,
where the subscript 1-2 stands for the first segment moving from position
1to2inT seconds. The linear distance moved by the center of gravity of
segment 1 in going from position 1 to position 2 can be determined directly
from the film, Hence, V, , can be approximated, Similarly the kinetic
energy associated with thé movement of segment 2 can also be determined.

Thus the kinetic ener gy associated with the motion of the entire cilium
from position 1 to position 2 is given by the equation:

8 2
2 1/2 mV -2
n=1

In a similar manner the kinetic energy associated with the motion of the
entire cilium from position 2 to 3 is given by the equation:

8 2
> 1/2 mV'
n =1

Consequently, the kinetic energy associated with the motion of the entire
cilium from position 1 to position 5 is given by the double sum:

v 8 2
> > 1/2 mVn_K
= n= 1

K 2

The estimate improves as P and R go to infinity and the kinetic energy asso-
ciated with the working stroke is:

lim P R
P—ro0 = = 1/2 mv?
R—+00 K= 2 n= 1 n-K

Similarly the energy associated with the relaxation stroke can als> be
calculated.

Unfortunately, with the present equipment, it is not pessible to ob-
tain the necessary data to perform this analysis.

12



ANALYSIS FILM STRIP A
CILIA OSCILLATED FREQUENCY - PARTICLE VELOCITIES

Certain of the sequences which are amenable
to pictorial representation are depicted on the
following pages. Others are merely discussed
and the data drawn from them included.
Sequence 1

frame rate - 64 frames per sec

magnification - 1500 x

This sequence illustrates a highly turbulent region located above

the tips of the cilia. The direction of flow is from background to fore-
ground, i.e., toward the viewer.

On frame 107, a particle 30 x 10_4 mm in diameter enters from
the background in third quadrant moving toward the foreground, coming
into focus. Its path is toward the viewer and toward the top of the picture.
It leaves the picture at top of the third quadrant on frame 116.

Because the particle is not moving parallel to the focal plane, its
velocity cannot easily be determined. If needed, the velocity could be
estimated by calibrating the fuzziness of the image as a function of dis-
tance from focal plane.

Sequence 4 - Particle No 1
frame rate - 64 frames per sec

magnification - 1500 x

Particle velocity
particle diameter: 0. 0060 mm
overall distance traveled: 0.0300 mm

distance from top of cilia to
bottom of particle: 0 to 0. 0015 mm

13




Frame Distance Traveled Distance/

No. Between Positions Frame Velocity
mm mm mm/sec
61 0 - -
70 0. 0058 6.37x10-%4  2.460
73% 0.0150 30.90x10-%  4.880
77 0.0165 3.75x10-4 1.440
90 0.0300 10.35x10-%  3.960

? v
Burst of energy apparently provided by group of cilia directly

Average distance per frame calculated using increment in distance
divided by increment in frame number. Over entire length of travel:
10. 35 x 10-4 mm. Average velocity over entire length of travel: 3.960 mm
per min. Cilia height: approximately 0. 006 mm measured to top of halo.
Sequence 4 - Particle No. 2

frame rate 64 frames per sec

magnification 1500 x
Particle velocity

particle diameter: 19.95 x 10-% to 30 x 10-4 mm

Particle enters fourth quadrant from left hand side at frame 95,
moves to right a distance 60 x 10-4 mm, completes this move on frame
107. '

Average distance per frame:5 x 10-4 mm
Average velocity: 1.920 mm per minute

Between frames 107 and 108 the particle moves to the right and
upwards a distance of 45 x 10-4 mm.

Average distance per frame:45 x 16-4 mm
Average velocity: 17. 400 mm per minute

At completion of this motion, the particle is adjacent to tips of
cilia. The particle then moves upward along the tips of the cilia a dis-
tlance of 90 x 10-4 mm. This motion takes place between frames 108 and

‘14.

Average distance per frame: 15 x 104 mm
Average velocity: 5. 760 mm per minute

The particle continues to move upward along the tips of the cilia
a distance of 105 x 10-4 mm. This motion takes place between frames
114 and 124.

Average distance per frame: 10.5 x 10-4 mm

Average velocity: 4.02 mm per minute
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Sequence 5
frame rate - 64 frames per sec
magnification - 1500 x

Cilia Beat Rate

The group of cilia observed lie in the region just above the 50 mark
on the projected scale (see film). The region is 0. 005 mm in width and one
end is adjacent to the 50 mark (0. 005 mm is equivalent to 5 units and pro-
jected scale). The top of the cilia group is marked by the hadb of reflected
light. The bottom by cell material of clearly different aspect.

The numbers below appearing under 'Frame No.' are the frame
numbers corresponding to the maximum height or elevation of the halbo
above the base material. The motion is clearly periodic.

Frame Frames/ Cycles/ Frame Frames/ Cycles/
No. Cycle sec No. Cycle sec
102 5 12.8 249 5 12. 8
107 5 12. 8 254 5 12. 8
112 5 12. 8 259 5 12. 8
117 5 12. 8 264 5 12.8
122 5 12.8 269 5 1/2 11.63
127 5 12. 8 274 1/2 4 1/2 14. 22
132 5 12. 8 279 5 12. 8
137 5 12.8 284 5 1/2 11.63
142 5 12. 8 289 12 5 1/2 ‘11. 63
147 4 12 14. 22 295 5 1/2 11. 63
151 1/2 4 1/2 14. 22 300 12 412 14. 22
156 5 . 12. 8 305 5 12.8
161 5 12.8 310 6 10. 67
166 5 12.8 316 5 12. 8
171 5 12.8 321 5 12.8
ig? 5 v 12.8 326 6 12.8
5 11,63 331 5 11. 63
186 1/2 5 1/2 11. 63 336 1/2 5 Bg 11.63
192 5 12. 8 342 5 12. 8
197 5 12.8 347 6 10. 67
202 5 12. 8 353 5 12.8
202 5 12. 8 358 5 12.8
212 5 12. 8 363 5 12.8
217 5 12. 8 368 5 /2 11.63
222 5 12. 8 373 12 5 1/2 11.63
227 5 12.8 379 5 12. 8
232 6 10. 67 384 5 12 11. 63
238 5 12.8 389 1/2 5 1/2 11.63
243 6 10. 67 395 5 12. 8
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Distribution of Frames/Cycle

Frames/Cycle Per cent of Total
4 12 6.9
5 65.5
5 12 20.7
6 6.9

The total film strip represents 298 frames for 58 cycles or an
average of 5. 13 frames per cycle which is equivalent to 12.45 cycles per
second. The total test duration is 4. 65 seconds.

Observation of adjacent groups of cilia suggests that if metachronal
wave patterns exist they are not diaplectic. Many more similar film records
will be required to obtain more reliable information on metachronal patterns.
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Sequence 10
frame rate - 64 frames per sec

magnification - 600 x

Particle Velocity _

movikg particle

ﬂ 31' a
Position no I ram
@

Fixed partikle® e
o, I3 15

no

i A i ]
Scale 0 1 2 3
mm
Position Frame Distance Traveled Distance/ Velocit
No No Between Positions Frame elocity
mm mm mm{mﬁ
I 3 0. 0237 19.80x1077  7.560
I 15 0.0193 17.55x10 6. 780
Particle size - .01 to ., 017 mm in diameter




Sequence 12

frame rate - 64 frames per sec

magnification - 600 x

Particle Oscillation

Below is a chart indicating frame numbers occurring when
particle is at extremity of oscillation on right side. The frames
per cycle are also indicated.

Frame No. Frames/Cycle Cycles/Sec
117 6 10. 67
123 6 10. 67
129 4 16. 00
133 5 1/2 11. 63
138 1/2 6 1/2 9.85
145 6 10. 67
151 4 16. 00
155 3 1/2 18. 28
158 1/2 5 1/2 11.63
164 6 10. 67
170 6 10. 67
176 5 12.80

Note that the variation is from 9. 85 to 18. 28

18
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The position of the oscillating particle at the extremity of the
motion is difficult to determine accurately, which has undoubtedly con-
tributed to the large variation. This error can be reduced by noting only
the frame numbers at the beginning and at the end, therefore, dividing
the error among many cycles of escillation. Thus, 64 frames are
required to oscillate through 12 cycles yielding 5. 33 frames per cycle
over one second (average rate is 12 cycles per second).

(64 frames above difference between frame
numbers 117 and 181 is coincidental)

Average rate of oscillation is in close correspondence with direct
measurement of the cilia beat (refer to sequence 5).
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Sequence 16
frame rate - 64 frames per sec

magnification - 600 x

Particle Oscillation

7]

osciNating particle

60 70

IHHIHH

Image Illuminated

A particle evidently trapped in a region adjacent to the tops of the
cilia is clearly seen to be oscillating.

It takes on its lowest position on frame no. 15. Below is a chart
of succeeding frame numbers on which it assumes the lowest position,
(i. e., one extremity of the oscillation).

Frame Number - Assumes Lowest Extremity

15
20
25
30
34

Hence frames per cycle are 5, 5, 5, and 4. This yields 12.8, 12.8,

12.8, and 16 cycles per second.

Again noting that errors can be significantly reduced by using

measurements at the beginning and end, we obtain 19 frame numbers per
four cycles or an average of 4. 75 frames per cycle or an average rate of

13. 47 cycles per second. (Duration of this run is only 0. 3 seconds).

Data are consistent with the beat rate measured directly in sequence 5.
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ANALYSIS FILM STRIP B
MEASUREMENT OF PARTICLE VELOCITIES
Sequence 1

frame rate - 64 frames per sec
magnification - 600 x

Velocities of five particles

view

Particle position is documented in the above as a function
of the frame number. Particle size can be read directly.
Areas marked F were fixed during the motion and represent
the frame of reference.

3.20 represents particle 3 at frame 20

scale 1/40 mm = 19 mm
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CINEMATOGRAPHIC DETERMINATION OF PARTICLE VELOCITY

SEQUENCE 1
Distance /

- Particle . . Frame Traveled : Distance .
No. Particle Size No. Between A Frames Frame Velocity
Postions

mm ' mm ’ mm mm/min
1 0.0025 to 0. 0075 42 0. 0125 29 4.31x10°% 1. 656
' : 71 0. 0308 52 5.93x10-4  2.280
123
2 0. 0100 20 0.0375 51 7.36x10"%  2.826
71
3 0. 0075 20 0.0150 51 2.94x10"%  1.128
71 0.0162 52 3.12x107%  1.200
123 ’
4 0.0100 44 0.0162 27 6.00x10-4 2,304
71 0. 0420 52 8.08x10"%  3.102
123
5 0.0025 to 0.0075 44 0.0122 27 4.52x10"%  1.734
71 0. 0205 66 3.11x104  1.194
137
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Sequence 3
frame rate - 64 frames per sec
magnification - 600 x

Velocities of five particles

Particles 1,2 Particle 3

Particle 4 Particle 5

320

©~

A

Qj 302

a Fixed Reference Fixed Reference

23




CINEMATOGRAPHIC DETERMINATION OF PARTICLE VELOCITY
SEQUENCE 3

Distance /
Particle . . Frame Traveled Distance .
No. Particle Size No. Between O Frames Frame Velocity
Positions
mm mm mm mm/min
1 0. 0070 26 0.0283 9 31.45x10~%  12.072
35
2 0.0188 35 0. 0240 6  40.00x10"%  15.360
41 0. 0295 6 49.20x1074 18. 870
47
3 0.0175to 0.0088 206 0.0205 5 41.00x10-4 15.750
%%é 0.0283 7 40.40x10-4 15.510
4 0.0188 to 0.0075 302 0.0193 5 38.60x10-4 14. 820
307
5 0.0138 308 0.0317 12 26.40x107% 10. 140
320
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Sequence 4
frame rate - 64 frames per sec

magnification - 600 x

Velocities of

particles

@Fixed Reference

245
@ e

Fixed Ref ?
1Xe eierence @225

Particle 2

Particle 1

@ Fixed
Reference

Q346
G334

@315

/3318
Q496~

: a
Fixed Reference ’@485

| 4
9 ®283
@ 276

Particle 4

Particle 3

The particles can be seen to be moving through
scattered debris.
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CINEMATOGRAPHIC DETERMINATION OF PARTICLE VELOCITY
SEQUENCE 4

7 Distance /
Particle Particle Frame Traveled Distance . .
No. Size No. Between AFrames Frame Velocity
Positions )
mm mm : mm mrmy/ min

1 0.0075 225  0.0215 20 10. 75 x 10-% 4.128
245 0. 0200 23 8. 70 x 10-4 3.336
268  0.0398 45 8.85x 10-% 3. 398
313

2 0.0075 265 0. 0205 18 11.39x 10-4 4.374
283 0.0214 20 10. 70 x 10-4 4.110
303 0. 0375 37 10. 13 x 10-4 3.888
340

3 0.0058 276 0. 0093 9 10.33x 10-4 3.972
285  0.0375 30 12.50x 10-4 4.800
315 0.0125 19 6.58x 10-4 2.526
334 0.0188 12 15. 67 x 10-% 6.012
346

4 0.0075 485 0.0175 11 15.90 x 10-4 6.114
496  0.0210 22 9.55x 104 3. 666
518

The beating cilia can be seen. The circulatory motion of debris on
top of the cilia suggests the turbulent nature of the fluid flow in the region
of the cilia tips, which caused particles tobedislodged from larger agglomera.
tions. These particles were carried by the general motions of the stream in
the laminar layer of fluid motion beginning no more than 0. 0050 mm from the
top of the cilia.

These measurements have been made in a region free of debris about
0.0175 mm to the left and 0. 0125 mm to the right of the 2 fixed reference
particles in the fourth quadrant of the field. The line of particle travel passes
between the reference marks and the above dimensions measured.
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DISCUSSION

In summary, techniques have been developed to measure the ciliary
beat rate by direct cinematographic observations. In addition, the beat
rate can be measured by an inferential procedure, i.e., by observing par-
ticles of debris trapped adjacent to the cilia blanket, Ciliary beat rate has
been measured by both techniques and the results were consistent,

Cinematographic evidence has shown that the mucus region ad-
jacent to the cilia is characterized by turbulent flow, In addition, evidence
suggests that the region in the mucus sheath peripheral to the cilia is
characterized by laminar flow,

Techniques have been developed to determine particle velocities for
debris moving in both the turbulent and laminar regions, The velocities of
many such particles have been recorded and are tabulated in this report.

More definitive analyses have not been possible because of the lack
of high speed cinematography. This would permit more accurate measure-
ment of cilia beat rate in addition to recording the motion of the cilium in
sufficient detail to allow determination of the energy associated with both
working and recovery strokes. Energetics of this nature may be related to
the energy required to move the mucus blanket, The ability to document
an energy balance would provide fundamental insight into the properties of
the mucociliary apparatus. In addition, high speed cinematography would
yield information on the metachronal patterns associated with cilia move -
ment,
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ELECTROPHYSIOLOGY STUDIES

There is general agreement (ref 16) that the fluids secreted by the
mucosa of the respiratory tract play an important role in shielding the epi-
thelial surfaces from insult from inhaled gases, particulates, and mixed gas-
particulates, many of which are irritant to this tissue. In addition to a2 non-
specific mechanical protection, the mucoproteins present in the secretions
probably contribute the properties of a buffer system to the host's resistance
to these irritants.

Miller (ref 12) attempted to relate the motion of dyes and particles of
carbon black mixed with lycopodium spores placed on the mucus surface to
the depth of the mucus blanket. In an in vitro experiment, he found the
height of mucus above the cilia to be a factor in relating the metachronal
wave properties to the velocity of the particulate matter moving in the mucus
sheath. His data indicated that with increasing height of mucus layer, the
velocity of particulate transport increased. Further, he suggested a positive
and direct relationship between the metachronal wave length and increasing
mucus depth. In observations made on two cats with castor oil added to the
mucus surface, he noted increased velocity of the natural debris embedded
in the mucus compared to mucus transport values in a shallow medium.
These results with castor oil are important since they indicate that mucus
transport may be governed by a least two factors, namely, the height of the
mucus blanket and its viscosity.

The human cervical mucus, in the pre- and post-ovulatory phases,
has been reported to contain approximately 93 per cent water. The water
content of aspirated human respiratory mucus determined in these Labora-
tories was approximately 90 per cent (ref 17) suggesting that mucus volume
may be quantitatively determined in mammalian trachea via water content
determinations.

It was the purpose of this phase of the study to examine electro-
physiological method(s) whereby the mucus thickness could be measured
in vitro and correlated with water volume. If a positive correlation could
be established, the former procedure would be potentially useful to measure
the mucus height in vivo. To explore further the rationale for this proposed
method, studies were performed on tissues under altered physiological con-
ditions.

(1) Electrophysiological in vitro procedure. A continuous non-des-
tructive monitoring system for determining mucus blanket thickness was
explored in an effort to follow effects of experimental exposure. The appa-
ratus consisted of platinum wire (1/4 to 2 mm diameter) metallic electrodes
in contact with the mucus layer through which 200 mV, 1000 Hertz sine wave
pulses were passed from a Heathkit Model 1G 82 Sine-Square Wave Gene-
rator. The electrodes were fixed in series with a known variable resistor
and capacitor (Wheatstone balanced bridge circuit, fig 2). The signals were

displayed on a Tektronix 502 dual-beam oscilloscope. Resistance or .
capacitance readings, or both, were made between two electrodes, varying

their distance interval from 5 to 20 mm, but maintaining balanced were sig-
nals by adjusting the variable resistor and capacitor accordingly {fig 3).
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Figure 2
Alternating Current Circuit for Impedance Measurement

on the Thickness of Trachea Mucus

Wheatstone Bridge Segment

‘ el
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< B o
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V = Output source from Heathkit Sine-Square Wave Generator
R;-R3 = 1 mega ohm

B = Platinum Electrodes for Electrophysiological Measurement
on Trachea

RV = Variab